Introduction 37
To colonize plants, pathogenic microbes and pests (such as aphids or nematodes) 38 deliver susceptibility factors, called effectors, to the host which target defenses and 39 reprogram cells to promote infection or infestation. Many host-adapted biotrophic and 40 hemi-biotrophic pathogens deploy effectors to disable PAMP/MAMP-triggered 41 immunity (PTI) mediated by cell surface-resident receptors [Boutrot & Zipfel, 2017; 42 Dangl & Jones, 2006; Dodds & Rathjen, 2010] . These microbes encounter two further 43 important immunity barriers. One is conferred by intracellular nucleotide-binding 44 leucine-rich repeat (NLR) receptors recognizing interference by specific effectors 45 [Jones et al., 2016] . NLR activation leads to effector-triggered immunity (ETI) involving 46 the rapid transcriptional mobilization of resistance pathways and, often, localized host 47 cell death, which limit pathogen infection [Bhandari et residues were found to be dispensable for EDS1 and PAD4 signaling in Arabidopsis 84 TNL-mediated ETI and basal immunity, indicative of a non-catalytic mechanism in 85 pathogen resistance [Louis et al., 2012; Wagner et al., 2013] . 86 EDS1 forms stable and mutually exclusive heterodimers with PAD4 or SAG101, 87 consistent with distinct roles of these two EDS1 complexes in immunity [Lapin et al., 88 2019; Rietz et al., 2011; Wagner et al., 2013] . Based on a structural model of the EDS1-89 PAD4 heterodimer generated from the AtEDS1-AtSAG101 crystal structure, analysis 90 showed that the juxtaposed LLDs are major drivers of heterodimerisation, likely 91 promoting association of the aligned EP domains to form a cavity [Wagner et al., 2013] . 92
The AtEDS1 LLD alone, although stable, did not confer pathogen resistance, indicating 93 that its EP domain is crucial for immune signaling activity [Wagner et al., 2013] . Further 94 structure-based analysis identified an AtEDS1 EP-domain surface lining the EDS1-
95
PAD4 heterodimer cavity which is essential for the rapid transcriptional reprogramming 96 of host cells in Arabidopsis TNL ETI [Bhandari et al., 2019; Lapin et al., 2019] . 97
In Arabidopsis, PAD4 mediates resistance to green peach aphid (GPA, Myzus persicae 98 Sülzer) independently of EDS1 and SAG101 [Pegadaraju et al., 2005 [Pegadaraju et al., & 2007 . GPA 99 population growth was higher on Arabidopsis pad4 compared to wild-type (WT) and 100 eds1, sag101 or eds1/sag101 mutant plants [Pegadaraju et al., 2007] . Notably, PAD4-101 mediated defenses against GPA were found to not involve SA or camalexin production 102 [Pegadaraju et al., 2005] . Moreover, in contrast to basal immunity and ETI, resistance 103 to GPA was dependent on the S-D-H predicted catalytic triad residues PAD4 S118 and 104 PAD4 D178 , but not PAD4 H229 [Louis et al., 2012; Wagner et al., 2013] . These different 105 requirements suggest that PAD4 functions in immunity as a heterodimer with EDS1 106 are distinct from its function in resistance to GPA. 107
To gain a deeper insight into the molecular function of PAD4, we investigate here the 108 properties of the PAD4 LLD in resistance to GPA and pathogen immunity. We show that 109 the PAD4 LLD alone is sufficient to control GPA infestation, independently of EDS1 110 association. By contrast, we find that the Arabidopsis PAD4 LLD is insufficient for EDS1-111 dependent basal immunity and ETI, indicating that, like EDS1, the PAD4 EP domain is 112 crucial for inducing immunity pathways. These results suggest that PAD4 can operate 113 as a bipartite protein with the LLD and EP domains carrying out distinctive and 114 separable roles in plant defense. 115
Results 116
The PAD4 LLD protein accumulates in planta, but does not interact with EDS1
117
AtEDS1-AtPAD4 heterodimer formation is driven chiefly by an N-terminal EDS1 118 hydrophobic loop (α-helix H; EDS1 LLIF ) and the juxtaposed PAD4 MLF motif ( Figure 1A -119 C) [Feys et al., 2001; Wagner et al., 2013] . To test PAD4 LLD properties, we generated 120 an AtPAD4 LLD protein (residues 1-299; Figure 1A ; blue). Transient overexpression of 121 GFP-tagged PAD4 LLD in Nicotiana benthamiana produced a stable protein that did not 122 co-immunoprecipitate (co-IP) FLAG-tagged EDS1, whereas full-length GFP-PAD4 did 123 ( Figure 1D ). Similarly, PAD4 LLD failed to interact with EDS1 in an N. benthamiana split-124 luciferase assay ( Figure S1 ). These data suggest that a stable interaction between 125 PAD4 and EDS1 in planta requires part or all of the PAD4 EP domain in addition to the 126 LLD interface. 127
To investigate PAD4 LLD properties in Arabidopsis, we introduced WT PAD4 128 (pPAD4::strepII-YFP-cPAD4 WT ) or PAD4 LLD (pPAD4::strepII-YFP-cPAD4 LLD ) 129 constructs into a pad4-1/sag101-3 mutant (Col-0 accession). PAD4 LLD in two Figure 1E ). This contrasts with similar PAD4 LLD and 141 PAD4 WT accumulation in N. benthamiana transient assays ( Figure 1D ). Lower PAD4 LLD 142 protein accumulation than PAD4 WT in mock-and Pst avrRps4-treated Arabidopsis 143 leaves can be attributed in part to lower accumulation of PAD4 transcripts in the 144 PAD4 LLD compared to PAD4 WT transgenic lines ( Figure 1F ). Hence, the LLD domain of 145 PAD4 is sufficient to maintain a WT-like nucleocytoplasmic localization, but loss of the 146 EP domain substantially reduces PAD4-EDS1 interaction and PAD4 steady-state 147 levels in Arabidopsis. 2). The PAD4 LLD lines resisted GPA to similar levels as PAD4 WT and Col-0, even though 182 they expressed very low PAD4 LLD amounts ( Figure 2 ). Hence, low steady state 183 accumulation of PAD4 LLD protein ( Figure 1E ) is sufficient to counter GPA infestation in 184 Arabidopsis, implying that PAD4 LLD has an in planta activity. Based on these data we 185 conclude that PAD4 LLD is a stable protein entity able to confer GPA resistance. 
210
In line with published data, PAD4 S118A was as resistant as Col-0 and PAD4 WT in both 211 Figure S4 ). Taken together, the Hpa and Pst infection data show that 219 PAD4 LLD is non-functional in pathogen basal immunity and ETI, in stark contrast to its 220 resistance activity against GPA. 221 of the PAD4 LLD to these different defense outputs. Analysis of PAD4 LLD in planta shows 256 that it accumulates to much lower levels than full-length PAD4 and has lost binding to 257 EDS1. Strikingly, PAD4 LLD confers complete GPA resistance (Figure 2 ), but is non-258 functional in resistance to Hpa and Pst pathogens (Figure 3 ). Thus, PAD4 appears to 259 rely solely on its LLD for controlling GPA infestation, whereas its LLD and EP domains 260 are necessary for ETI and basal immunity against bacterial and oomycete pathogens. The inactivity of PAD4 LLD in basal and effector-triggered immunity is unlikely to be 311 attributed to PAD4 LLD instability, as it is sufficient for resistance against GPA, unless 312 the PAD4 LLD fails to reach sufficient amounts needed for pathogen resistance in certain 313 cells or tissues. Very low levels of protein were sufficient for EDS1 function in pathogen 
321
The EDS1 EP domain interface lining a cavity formed with PAD4 in the heterodimer is 322 necessary for Arabidopsis EDS1 signaling [Bhandari et al., 2019; Lapin et al., 2019] . 323
An aligned EP domain α-helix was identified in the EDS1 heterodimer partner, 324 SAG101, as being essential for eliciting host cell death in TNL ETI responses [Gantner 325 et al., 2019; Lapin et al., 2019] . This also might be true for PAD4, because mutations 326 at an EDS1-like surface in PAD4 lying outside the cavity did not compromise immunity 327 [Bhandari et al., 2019] . Future studies will test whether the PAD4 EP domain surface 328 lining the heterodimer cavity is also crucial for EDS1-PAD4 pathogen immunity. in ETI or by other signals in basal immunity, leading to a pathogen immune response.
344
PAD4 requires both the LLD and EP domains to function in basal immunity and ETI. In 345 resistance to GPA, PAD4 is activated through an unknown but EDS1-independent 346 mechanism that restricts aphid infestation. PAD4 LLD is sufficient to limit GPA 347 independently of interaction with EDS1. Arabidopsis pad4-1, sag101-3, and eds1-2 mutants are in the Col-0 background and 363 were previously described, as were pEDS1:EDS1-SDH::pPAD4:PAD4-S118A (in was performed using one-way ANOVA with multiple testing correction using Tukey's 378 HSD (p-value as described in figure legend) . 379
For gene expression analysis, leaves of 4-week-old plants were hand-infiltrated with 380 mock (10 mM MgCl2) or bacteria (OD600= 0.005) and samples were taken at 24 hpi. 381 ACT2 was used as a reference gene (See Table S1 for primers). Data shown are 382 results from three independent experiments each with two to three biological replicates. 383
For protein accumulation assays, leaves from 4-week-old plants were hand-infiltrated 384 with buffer (mock, 10 mM MgCl2) or bacteria (OD600= 0.005) and samples harvested 385 by pooling leaves from at least three different plants. The pENTR/D-TOPO PAD4 vector used for site-directed mutagenesis was cloned from 403 cDNA and is described [Wagner et al., 2013] . PAD4 LLD was obtained by site-directed 404 mutagenesis on pENTR/D-TOPO PAD4 according to the QuikChangeII site-directed mutagenesis manual (Agilent) (See Table S1 for primers). Mutated PAD4 and EDS1 
